Cytochrome c oxidase (CytcO) is a redox-driven proton pump in the respiratory chain of mitochondria and many aerobic bacteria. The results from several studies have shown that zinc ions interfere with both the uptake and release of protons, presumably by binding near the orifice of the proton entrance and exit pathways. To elucidate the effect of Zn 2+ binding on individual electron and proton-transfer reactions, in this study, we have investigated the reaction of the fully reduced R. sphaeroides CytcO with O 2 , both with enzyme in detergent solution and reconstituted in phospholipid vesicles, and, with and without, Zn 2+ . The results show that addition of Zn 2+ at concentrations of ≤250 μM to the outside of the vesicles did not alter the transition rates between intermediates P R (P 3 ) → F 3 → O 4 . However, proton pumping was impaired specifically during the P 3 → F 3 , but not during the F 3 → O 4 transition at Zn 2+ concentrations of ≤25 μM. Furthermore, proton pumping during the P 3 → F 3 transition was typically impaired with the "as isolated" CytcO, which was found to contain Zn 2+ ions at μM concentration. As has already been shown, Zn
Introduction
Cellular respiration in aerobic organisms involves electron transfer to oxygen, coupled to proton translocation, through a series of membrane-bound protein complexes. The process maintains a transmembrane electrochemical proton gradient across the inner membrane of mitochondria and the plasma membrane of many bacteria. The gradient is used for energy-requiring processes such as the production of ATP. The last enzyme complex in the electrontransfer chain is cytochrome c oxidase (CytcO), which catalyses the one-electron oxidation of four molecules of cytochrome c and the four-electron reduction of O 2 to H 2 O. Because electrons and protons are taken up from opposite sides of the membrane, the process results in a charge separation corresponding to transfer of one positive charge from the electrically negative (N) to the positive (P) side of the membrane (Fig. 1 ). In addition, the process drives the translocation (pumping) of one proton per electron transferred to O 2 across the membrane, increasing the charge-translocation stoichiometry by a factor of two (for recent reviews of CytcO structure and function, see [1] [2] [3] [4] [5] ).
Protons are translocated in CytcO through specific pathways. During reaction of the reduced CytcO (in state R 2 ) with O 2 forming the oxidised CytcO (state O 0 or O 4 ), both substrate protons, used for H 2 O formation, and protons to be pumped are taken up through a pathway that starts at Asp132 (D-pathway) ( Fig. 1) [3, [6] [7] [8] [9] [10] [11] . The pathway forks presumably at Glu286, from where one branch leads to the catalytic site and the other branch towards the P-side of the membrane [12] [13] [14] [15] . The proton-exit pathway has not yet been identified.
Upon binding of O 2 to the four-electron reduced CytcO (i.e., the fully reduced CytcO), at least three reaction steps are resolved (see, e.g., [16] ). In CytcO from R. sphaeroides initially an electron is transferred from haem a to the catalytic site with a time constant of ∼50 μs forming a ferryl intermediate called P 3 (see Fig. 1 ). In the next reaction step, a proton is transferred from the bulk solution, through the D-pathway to the catalytic site, forming an intermediate called F 3 with a time constant of 100 μs (∼200 μs in small unilamellar vesicles (SUVs), [17] ). In the last step, another proton is taken up from the bulk solution concomitantly with electron transfer to the catalytic site, forming the oxidised state O 4 with a time constant of ∼1 ms (∼3 ms in SUVs) [17] . Even though both the P 3 → F 3 and F 3 → O 4 kinetic phases are associated with equal number of charges translocated across the membrane [18, 19] , originally, only the second, slow phase was found to be associated with proton release to solution [20] . The results from a more recent study showed that indeed both the P 3 → F 3 and the
transitions are each associated with the pumping of one proton [17] . The results from this study indicate that the discrepancy between the results from the different studies may be due to zinc ions, bound to the "as prepared" CytcO, inhibiting the rapid proton release. The results from several earlier studies have shown that Zn 2 + inhibits both the uptake and release of protons in CytcO [21] [22] [23] [24] [25] [26] [27] . Accordingly, zinc has been proposed to bind either close to an entrance pathway for protons [22, 24, 25, 27] or at a site where they are released [22, 26] . Binding sites with apparent K I s of ∼2.6 μM and ∼120 μM have been reported for proton uptake or internal proton transfer, respectively, upon oxidation of the fully reduced CytcO [23] . Consequently, these sites were proposed to be located near the orifice of the Dpathway. Zinc ions were also found to inhibit the CytcO turnover with a K I of 9 μM [22, 26] . In addition, investigation of CytcO reconstituted in vesicles showed that Zn 2+ binds with a K I b 5 μM to a site on the P-side of the membrane [21, 26] . This inhibition of the enzyme by Zn 2+ , at concentrations in the μM range, on the P-side was only observed in the presence of a membrane potential, otherwise millimolar concentrations of Zn 2+ were required. Half inhibition of proton pumping has also been reported at 75 μM Zn 2+ added on the inside of CytcO-containing vesicles [25] (but see [26] ). In a recent study Konstantinov and colleagues [22] found that at μM concentrations Zn 2+ ions bind and inhibit CytcO from the P-side, but only during turnover or in the presence of weak reductants. The results from the same study showed that Zn 2+ ions bind rapidly and block the D-pathway when added from the N-side.
In this study we have investigated the effect of addition of Zn 2+ on individual electron and proton-transfer reactions as well as proton release during oxidation of the reduced CytcO. The results showed that addition of Zn 2+ at the P-side of CytcO did not alter the rates of internal electron-transfer reactions that are linked to the uptake of substrate protons from the N-side of Fig. 1 . A schematic representation of the structure of CytcO and the reaction of the fully reduced enzyme with O 2 studied in this work. The R 2 → P 3 transition, with a time constant of ∼ 50 μs is initiated by binding of O 2 to reduced haem a 3 and is associated with electron transfer to the catalytic site (the subscript denotes the number of electrons at the catalytic site). The P 3 → F 3 transition is linked to the uptake of two protons (one substrate proton to the catalytic site and one pumped proton) and release of one proton with a time constant of ∼100 μs in detergent solubilised CytcO in H 2 O. When Zn 2+ is added to the P-side of CytcO-SUVs the proton release during this transition is blocked (indicated by a red cross). However, neither the time constant of the transition nor proton uptake to the catalytic site is altered. If Zn 2+ is added to the detergent-solubilised CytcO (i.e., can bind to the N-side) proton uptake is retarded and P 3 → F 3 merges with the next F 3 → O 4 transition, which is slowed from ∼1 ms to 2.5 ms (indicated by a green filled circle), due to Zn 2+ binding on the N-side. Addition of Zn 2+ to CcO in D 2 O results first in blocking the 650-μs proton release (red cross) and, at higher Zn 2+ concentrations, also D + uptake is slowed (green filled circle). The effect of Zn 2+ addition to the N-side in CcO-SUVs was not investigated (nd). The F 3 → O 4 transition is associated with electron transfer to the catalytic site and the same proton uptake events as those during P 3 → F 3 . The subscripts sol and SUV indicate that the experiments were done in detergent solution or in SUVs, respectively. The membrane is from [39] .
CytcO. However, the release of pumped protons specifically during the P 3 → F 3 transition was inhibited by stoichiometric amounts of Zn 2+ added from the P-side. In fact, the amount of Zn 2+ in the "as prepared" enzyme was found to be high enough to impair this proton-release reaction.
Materials and methods

Purification of cytochrome c oxidase
Histidine-tagged CytcO, expressed in R. sphaeroides, was purified using histidine-affinity chromatography as described in [28] . After purification, the buffer was exchanged to 0.1 M HEPES at pH 7.4, 0.1% dodecyl-β-D-maltoside (DDM) and then the sample was rapidly frozen in liquid nitrogen. The CytcO was stored at −80°C until use.
Reconstitution of cytochrome c oxidase into small unilamellar vesicles
A procedure that is a combination of those described in [29] [30] [31] was followed (described in [17] ). Bio-Beads together with a PD-10 column (Amersham Biosciences) were used to remove detergent. The proton permeability of the SUVs was determined by measuring the respiratory-control ratio (RCR) (see, e.g., [17, 32] ), which was typically ∼10.
The orientation of CytcO in the SUVs was determined by reducing fully oxidised enzyme under anaerobic conditions with excess ascorbate and either (i) 10 μM hexaammineruthenium(II)chloride (Acros), which does not enter the vesicles and reduces only the "correctly" oriented CytcO, or (ii) 10 μM PMS and/or dithionite, which results in reduction of both CytcO populations. The fraction correctly oriented enzyme, with the cytochrome-c binding site facing outwards, was typically 70-80%.
Flow-flash kinetic measurements
A sample containing CytcO was transferred to an anaerobic cuvette, which was repeatedly evacuated on a vacuum line and flushed with N 2 . The CytcO was reduced with 2 mM ascorbate and 0.2 μM PMS, and the N 2 was exchanged for CO. For measurements with CytcO-SUVs, 0.5-1 μM hexaammineruthenium (II)chloride was used instead of PMS. The CytcO-CO complex was rapidly mixed at a 1:5 ratio with an O 2 -saturated solution in a stopped-flow apparatus (1:1 for CytcO-SUVs). About 300 ms after mixing the CO ligand was dissociated using a short (∼5 ns) laser flash at 532 nm (Quantel, Brilliant B), and the reaction was monitored by recording the absorbance changes at various wavelengths. This modified flow-flash apparatus (Applied Photophysics, Leatherhead Surrey, UK) is described in more detail in [33] . The data were analysed using the PRO-K software (Applied Photophysics) or Matlab software. Where applicable, additions of Zn 2+ (ZnSO 4 ) and EDTA were made to the O 2 -saturated solution.
Proton uptake by detergent-solubilised cytochrome c oxidase
The buffer in the CytcO solution was exchanged for 100 mM KCl and 0.05% DDM at pH 7.8 using a PD-10 column, and then 50 μM phenol red was added where after the sample was reduced and equilibrated with CO as described above. The pH was monitored during the whole process and, if necessary, re-adjusted to 7.8 using HCl or KOH. The reaction was initiated by a laser flash after mixing the enzyme with an O 2 -saturated solution containing 100 mM KCl, supplemented with 50 μM phenol red (pH 7.8) and was monitored at 560 nm. The same measurement was repeated with 100 mM HEPES-KOH, and the resulting trace was subtracted from the one obtained with KCl to remove any absorbance contributions from the enzyme (see also Ref. [7] ).
Where applicable, to remove traces of metals 10 mM of EDTA was added and the CytcO was repeatedly diluted and re-concentrated in 100 mM KCl and 0.05% DDM until the concentration of EDTA was smaller than 1 μM. All glassware used was rinsed with 100 μM EDTA solution, ethanol, 0.1 M HCl and mQ water to remove any metal contamination. Tubing and syringes of the flowflash set-up were rinsed with EDTA and mQ water.
Proton release by cytochrome c oxidase reconstituted in SUVs
The CytcO-containing SUVs were diluted in 100 mM KCl and 25 mM sucrose and the oxygen-saturated solutions contained 100 mM KCl, 125 μM phenol red and either 25 mM sucrose or 25 mM HEPES at pH 7.6. Proton release was monitored at 556 nm (see [17] for a more detailed description). Where applicable, to minimize the risk of Zn 2+ leaking into the SUVs before the measurement, ZnSO 4 was added only to the O 2 -saturated solution, which was mixed with the CytcO-SUVs ∼300 ms before initiating the reaction. (100 μM EDTA, τ ≅ 200 μs and ∼3 ms); green: 25 μM Zn 2+ (τ ≅ 1 ms); and blue: 250 μM Zn 2+ (τ ≅ 2 ms,). Experimental conditions (after mixing): 0.1 M KCl, 25 mM sucrose and 60 μM phenol red (present only in the oxygenated buffer prior to mixing), pH ∼7.5 and T = 22°C. The CytcO concentration was 1-2 μM, but all traces are scaled to 1 μM reacting CytcO.
Metal analysis
Samples for metal analyses were acidified with ultra pure HNO 3 (1% v/v) and analysed using inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian Vista Ax Pro). The typical precision based on measurements of certified standards was better than 4% (normally better than 2%).
Results
The effect of Zn
2+ applied outside cytochrome c oxidase SUVs
The fully reduced CO-bound CytcO reconstituted into SUVs was rapidly mixed with an O 2 -saturated buffer (∼1.2 mM O 2 ) containing different concentrations of Zn 2+ . At 445 nm formation of the P 3 state with a time constant (τ) of 35-50 μs is seen as a decrease in absorbance (Fig. 2a) . The next intermediate (F 3 ) is formed with a time constant of ∼200 μs, seen as a plateau at 580 nm (Fig. 2b) . In the last step the fully oxidised CytcO (O 4 ) is formed with a time constant of ∼3 ms (decrease in absorbance at both 445 nm and 580 nm). As is seen in Fig. 2a and b, neither the rates nor extents of these absorbance changes were affected significantly in the presence of 250 μM Zn 2+ on the outside of the SUVs.
In contrast, relatively large effects of Zn 2+ on the release of pumped protons were observed. Fig. 2c shows absorbance changes of the pH-sensitive dye phenol red on the outside of the CytcOSUVs. In the presence of EDTA (100 μM), i.e., without free Zn 2+ , proton release was seen in two approximately equal phases with time constants of ∼200 μs (P 3 → F 3 ) and ∼3 ms (F 3 →O 4 ) [17] . Upon addition of Zn 2+ to CytcO reconstituted in SUVs (in the absence of EDTA) the fast phase disappeared (Fig. 2c ) such that at Zn 2+ concentrations of ≥25 μM the traces could be satisfactorily fitted with one exponential with a time constant that coincides with that of the F 3 → O 4 transition. The same behavior was observed with the "as prepared" CytcO in the absence of EDTA, i.e., only the slow, F 3 →O 4 proton release was observed (not shown). At higher Zn 2+ concentrations, added to the P-side of CytcO, also the number of protons released during the F 3 → O 4 transition decreased. These effects were independent of the time that Zn 2+ was allowed to interact with the reduced enzyme in the vesicles (from 300 ms to ∼40 min) (data not shown). As only "correctly oriented" CytcO (cyt.c-binding site facing the P-side) was reduced and therefore participated in the reaction (see Materials and methods) the binding of Zn 2+ to any "incorrectly oriented" CytcO did not influence these measurements.
No effect on the CytcO pumping efficiency was seen with added nickel (250 μM) (data not shown).
2+ on detergent-solubilised cytochrome c oxidase
The effect of Zn 2+ on proton uptake and release was measured in detergent-solubilised CytcO where changes in the solution pH are observed. Results from earlier studies showed that in H 2 O two major proton-uptake phases are observed coinciding in time with the P 3 → F 3 and F 3 → O 4 transitions. Because both transitions are associated with proton pumping, each of these reactions involves the uptake of two protons (one substrate and one to be pumped) and the release of one proton. In H 2 O-solution, during each of the P 3 → F 3 and F 3 → O 4 transitions, all these processes occur on the same time scale such that each reaction is associated with a net uptake of one proton (i.e., the contributions from the uptake and release of the pumped protons cancel out) (c.f. [34] ). However, when measured in D 2 O, during the P 3 → F 3 transition the deuteron uptake (2 D + ) displayed a time constant of ∼200 μs while the deuteron release (1 D + ) was slowed to ∼630 μs, seen as an absorbance change with a sign opposite to that associated with proton uptake ( [34] , red trace in Fig. 3a) . In D 2 O, both the deuteron uptake and release during the F 3 → O 4 transition displayed a time constant of ∼10 ms. As shown in Fig. 3a , the intermediate, ∼630-μs proton-release phase was observed only in the presence of EDTA (used in the earlier work, [34] ). If the "as isolated" CytcO was used, only two kinetic phases associated with proton uptake were observed with time constants of 300 μs and 10 ms (black trace, Fig. 3) . Upon further addition of Zn 2+ (500 μM), the rapid P 3 → F 3 proton uptake was abolished, consistent with the results from previous studies [24] (green trace, Fig. 3a) . transition. Upon addition of 50 μM EDTA a decrease in absorbance after F 3 formation is visible (red trace). This phase corresponds to proton release to the Pside. The green trace was obtained after the addition of 500 μM Zn 2+ where the rapid proton uptake is abolished. The absorbance amplitude corresponding to the uptake of 1D + (arrow) is indicated. (b) Proton uptake during the P 3 → F 3 transition in the M263L mutant CytcO in the absence EDTA (black trace; the sample was washed with EDTA after which the EDTA was removed. In this case, a small amount of Zn 2+ was presumably released from the tubing of the stopped-flow apparatus and bound to the CytcO), in the presence of 300 μM EDTA (red trace), and in the presence of 2.0 μM Zn 2+ (cyan) and 100 μM Zn 2+ (green). Experimental conditions: 0.1 M KCl, 50 μM phenol red, pD= 7.4, ∼5 μM CytcO, 22°C.
The effect of Zn 2+ on the deuteron uptake and release reactions was further analysed in the M263L (in subunit II) mutant CytcO [35] in which the F 3 → O 4 transition is slowed by a factor of 10 2 such that the P 3 → F 3 (τ D2O ≅ 200 μs) and F 3 → O 4 (τ D2O ≅ 1.4 s) phases are well separated in time [36] . On the time scale of the P 3 → F 3 transition (in the presence of EDTA), after the uptake of two deuterons with a time constant of 200 μs, one deuteron was released with a time constant of 630 μs (Fig. 3b) .
We found that small amounts of Zn 2+ were released from the tubing in the stopped-flow apparatus and bound to CytcO while passing through the apparatus in the flow-flash experiments (see Metal analysis below). If the CytcO sample was incubated in EDTA after which the EDTA was removed, the 630-μs proton release absorbance change was not observed (black trace in Fig. 3b) , which is presumably due to binding of Zn 2+ released from the stoppedflow apparatus. Under these conditions, the P 3 → F 3 proton-uptake rate displayed a time constant of 230 μs, i.e., approximately the same as that observed in the presence of EDTA. In addition, the F 3 →O 4 transition rate was the same as that observed in the presence of EDTA (not shown on the time scale in Fig. 3) . These results are also consistent with those obtained with CytcO reconstituted in SUVs (i.e., proton release during P 3 →F 3 was impaired in the presence of Zn 2+ ) and indicate that the 630-μs proton-release phase is more sensitive to Zn 2+ inhibition (i.e., a lower K I ) than the proton uptake from the N-side.
As seen in Fig. 3b at Zn 2+ ≥2 μM, the proton uptake-rate observed with the M263L mutant CytcO decreased with increasing Zn 2+ concentration and the proton-release phase was abolished (see also Discussion). In Fig. 4 is shown the protonuptake rate as a function of the Zn 2+ concentration, which gives an apparent K I of ∼1 μM.
Metal analysis
The metal content of the CytcO-reconstituted vesicles and detergent solubilised CytcO was analysed using inductively coupled plasma optical emission spectroscopy (ICP-OES). The only divalent metal that could potentially bind to the protein surface, found at least in μM concentrations (except those that are co-factors of the CytcO) was zinc. The metal was found in all preparations containing enzyme and/or lipids, though not in solutions of 10% cholate, 1 M KCl or 0.2 M HEPES (solutions used in these studies). The detergent solubilised "as isolated" enzyme contained typically ∼1.5 Zn 2+ /CytcO. Unless the tubing and syringes of the stoppedflow apparatus were carefully washed with EDTA immediately before initiation of the experiment, the effluent contained typically ∼4 μM Ni 2+ and ∼5 μM Zn 2+ . Also after washing with EDTA traces of Zn 2+ (∼1 μM) were present in the exhaust of the apparatus. Cadmium, which has been shown to inhibit CytcO [26] , was only present at b1·10 −2 Cd 2+ /CytcO.
Discussion
In this study, we have investigated the effect of Zn 2+ binding to CytcO on individual proton uptake and release reactions, both with CytcO in detergent solution (both sides of the enzyme are accessible to Zn 2+ binding) and inserted into SUVs (only the P-side is accessible to Zn 2+ binding) in real time during reaction of the fully reduced CytcO with O 2 .
When Zn 2+ at a concentration of 25 μM was added to the outside of the SUVs, the number of protons released per CytcO decreased during reaction of the fully reduced CytcO with O 2 in the flow-flash experiments (Fig. 2c) . The smaller extent of proton release was due to the inhibition of proton pumping during the
transition. Yet, none of these transition rate constants were affected by addition of up to 250 μM Zn 2+ from the P-side of the membrane (Fig. 2a, b) . The data obtained with CytcO in detergent solution also indicate that at the lowest Zn 2+ concentrations (black trace in Fig. 3b ) only proton release to the P-side is impaired because under these conditions only the 630-μs phase was impaired, while both the P 3 → F 3 and F 3 → O 4 proton-uptake absorbance changes displayed about the same time constants as those observed in the absence of Zn 2+ . One relevant question, related to these observations, is whether only the proton release was impaired or if also the uptake of the proton to be pumped was blocked. We note that if both the pumped and substrate protons were taken up without the proton release, the observed proton-uptake absorbance change would have been twice as large compared to that obtained without Zn 2+ . Thus, we conclude that with Zn 2+ bound to the P-side of CytcO there is no net uptake of pumped protons. However, because binding of Zn 2+ at the P-side does not affect substrate proton uptake from the Nside (see Fig. 2a , b, unaffected P 3 → F 3 and F 3 → O 4 rates), the pumped proton could in principle be taken up transiently to an acceptor site within the CytcO, but because the release is blocked, the proton would be either released again to the N-side or it would be transferred to the catalytic site and used as a substrate proton. In the latter case, there would be no further uptake of substrate protons (according to this scenario, the pumped proton is transferred to the acceptor site before substrate proton uptake. A different sequence of proton transfers is also discussed below). The higher Zn 2+ concentration required to obtain the same effect in SUVs (Fig. 2c, 25 μM) as in detergent solution (Fig. 3b, b2 μM) is presumably due to unspecific binding of Zn 2+ to the lipid molecules in the SUVs. Alternatively, the lipid environment may alter with proton uptake was estimated to ∼1 μM. Experimental conditions were the same as in Fig. 3 .
the structure of the Zn 2+ -binding site resulting in different inhibition constants.
Another relevant question is why, at the Zn 2+ concentrations discussed above, exclusively proton release during the P 3 → F 3 transition was impaired. We note that this transition is unique because after the electron has been transferred to the catalytic site (to form P 3 ), the sequence of events leading to proton uptake from the N-side and release to the P-side take place independently of electron movement [17] . Thus, an alteration in the relative rates of proton uptake and release during the P 3 → F 3 transition is likely to result in a decrease of the proton-pumping stoichiometry. The F 3 → O 4 transition, on the other hand, is strictly linked to electron transfer to the catalytic site, a situation that is analogous to any reaction step during CytcO turnover. This transition is not as sensitive to changes in the proton uptake and release rates because electron transfer to the catalytic site and proton uptake and release are mechanistically tightly linked such that a slowing in one of these processes results in slowing of the others without uncoupling of proton pumping (see [34] ).
At higher concentrations of Zn 2+ added to the outside of SUVs also the extent of proton release during the F 3 → O 4 decreased (Fig.  2c , blue trace). However, even at the highest Zn 2+ concentration of 250 μM added to the outside of the SUVs the reaction rates by which the F 3 and O 4 intermediates were formed remained constant (Fig. 2a, b) . These results are consistent with those obtained by Ferguson-Miller and colleagues who showed that binding of Zn 2+ at micromolar concentrations (K I ≅ 5 μM) to the P-side surface of CytcO results in inhibition of the enzyme only in the presence of a membrane potential [26] . Without a potential (i.e., the experimental conditions of this study) millimolar concentrations of Zn 2+ were required to inhibit CytcO. Similarly, in a recent study Konstantinov and colleagues found that addition of Zn 2+ to the outside of lipid vesicles containing oxidised CytcO did not affect the activity unless the CytcO was allowed to turn over or a weak reductant was added [22] . Furthermore, the results presented by Ferguson-Miller and colleagues showed that in the presence of 250 μM Zn 2+ the protonpumping stoichiometry decreased [26] , which is also in accord with the results from the present study.
As discussed above, the results from a number of studies indicate that binding of Zn 2+ results in slowed turnover [22, 26, 27] and slowed proton uptake [23, 24] by binding on the N-side of CytcO. The binding site is presumably located near the orifice of the D-pathway where the bound Zn 2+ may interact electrostatically with amino-acid residues involved in proton uptake [27] . Binding of Zn 2+ on the N-side also resulted in a decreased pumping stoichiometry ( [25] , but c.f. also [26] ). For the F 3 → O 4 transition, which is linked to proton uptake through the D-pathway, a K I of ∼2.6 μM was found, which is close to the value of ∼1 μM obtained in this study for proton uptake through the D-pathway during the P 3 → F 3 transition (Fig. 4) .
4.1. Bound Zn 2+ in the "as isolated" cytochrome c oxidase
The rapid P 3 → F 3 proton-release phase (observed with CytcOSUVs in H 2 O and with CytcO in detergent solution in D 2 O) was absent with the "as isolated" enzyme and appeared only upon addition of EDTA. Noting that the metal analysis showed that the "as isolated" CytcO contains bound Zn 2+ , the results indicate that the impaired proton release during the P 3 → F 3 transition may be due to Zn 2+ bound in CytcO. These observations may explain why earlier studies that were performed in the absence of EDTA failed to show the rapid proton release during the P 3 → F 3 transition (see above). Furthermore, these results illustrate that contamination with small amounts of Zn 2+ may have significant effects on proton uptake and release reactions in proton transporters in general.
Effect of Zn
2+ on proton pumping
As discussed above, the results from earlier studies showed that much higher concentrations of Zn 2+ are required to slow down internal proton transfer from Glu286 to the catalytic site associated with the P 3 → F 3 transition (K I ≅ 120 μM) than to slow down proton uptake to the D-pathway, K I ≅ 1 μM, Fig. 4 . In the case of the P 3 → F 3 transition, the F 3 intermediate is formed upon internal proton transfer from Glu286 to the catalytic site and the transition takes place even if proton uptake to the D-pathway is blocked [37] . Thus the effect of Zn 2+ binding (K I ≅ 120 μM) on the rate of the P 3 → F 3 transition is most likely indirect, i.e., it arises as a result of long-range interactions between a Zn 2+ -binding site and the region around Glu286 [23] . In contrast, the effect of Zn 2+ binding on proton uptake (K I ≅ 1 μM) is presumably the result of a direct competition of Zn 2+ and protons. We have previously proposed that during a pumping cycle (e.g., during the P 3 → F 3 transition), first a substrate proton is transferred from Glu286 to the catalytic site, and then a pumped proton is transferred to an acceptor site and Glu286 is reprotonated [38] . The data in the present study are consistent with this scenario because if, during the P 3 → F 3 transition, the proton on Glu286 would first be transferred to the pump site, then formation of F 3 would be linked to proton uptake from solution and the P 3 → F 3 transition would display the same K I as that associated with proton uptake from solution.
Conclusions
In summary, the results from studies of the reaction of the fully reduced CytcO with O 2 show that Zn 2+ ions bind both to the inside (N-side) and the outside (P-side) of CytcO. Binding of Zn 2+ at the N-side obstructs proton uptake and electron-transfer reactions that are linked to this proton uptake. Binding of Zn 2+ at the P-side of CytcO (at [Zn 2+ ] ≤25 μM) resulted in blocking of proton pumping specifically during the P 3 → F 3 transition without affecting internal electron transfer linked to proton uptake from the N-side during any of the transitions. Furthermore, proton pumping during the P 3 → F 3 transition was also impaired in the "as isolated" CytcO, which is attributed to bound Zn 2+ ions and shows that care must be exercised to remove traces of Zn 2+ in studies of proton uptake and release by CytcO (and presumably also other proton transporters). the metal analyses. This study was supported by grants from the Swedish Research Council.
